Leading nonperturbative corrections to the quark and gluon propagators are derived following the assumption that the nonperturbative QCD vacuum can be described in terms of non-vanishing vacuum expectation values for the composite operators [T&I and [GEY]. Th e nonperturbative quark propagator can be described in terms of a running quark mass and a running normalization function. These quantities are shown to be gauge independent. The nonperturbative gluon propagator can be described in terms of a running gauge parameter and a running normalization function.
Introduction
In this article we study quark and gluon propagation in the presence of quark and gluon condensates. The basic assumption underlying our analysis is that the nonperturbative QCD vacuum can be described in terms of non-vanishing vacuum expectation values (vev's) of gauge invariant composite operators such as the quark condensate [T&J] and the gluon condensate [GE,] . This hypothesis has been used extensively in successful attempts to account for nonperturbative phenomena. It is the key assumption in the so called QCD-sum rules' which have been used to study (among other subjects) charmonium decays, SU(3)-symmetry breaking effects and hadron wavefunctions2. Another application of . athe same assumption is a recent analysis3 of the MIT bag model where it is found that the existence of quark and gluon condensates allows for the possibility of having a small strong coupling constant inside the bag.
Mueller4 has recently shown that it is possible to define the nonperturbative condensates in a consistent way. Fukuda and Kazama5 have demonstrated condensation of [Gi,] by constructing the effective potential through the trace anomaly equation. However, we feel that this latter derivation remains somewhat ambiguous since it is not based on a rigorous definition of the gluon condensate.
--
In the following analysis, the composite operators will appear in the operator product expansion6 (OPE) of the quark and gluon propagators respectively. The operators in this expansion must carry vacuum quantum numbers, and from general grounds one may conclude that they must be gauge singlets. The operators in the OPE are furthermore characterized by their dimension. The contribution from an operator with a higher dimension falls off more rapidly with momentum than a lower-dimension operator.
Apart from the unit operator, the operators [$$I (dimension 3) and [GE,] (dimension 4) are the gauge independent operators of lowest dimension in QCD.
In the following we neglect higher-dimension operators. It should be mentioned that if higher-dimension operators acquire non-zero vev's, their influence can be neglected only for large momenta. We also note that the OPE can be taken seriously only for hard momenta in the propagator to be expanded. 
The We evaluate the nonperturbative corrections to the gluon propagator in a general covariant gauge. The corrected propagator can be described in terms of running normalization function and a running gauge parameter.
The ghost propagator is not influenced by [&J\ or [GtY] . In the following our analysis will be done at the tree level and all the calculations are done in Euclidean space.
The Nonperturbative Quark Propagator
The operator product expansion of the inverse quark propagator in the pres- Here they will be calculated to first order in cyB. $Cll(p), the coefficient associated with the unit operator, is equal to the perturbative inverse quark propagator. In Euclidean space we hence have:
:p(P) = i 6ab ($ + m). 
An insertion of [$$I, t a zero momentum in the inverse quark propagator, I't2) (0)) is obtained by differentiation with respect to minus the quark mass:
After contraction with P,$ we have:
Combining (4)) (5) and (7) we now obtain:
--In order to obtain ab clGgJ in (2), we study the expansion of a six-point function aP
with two hard quark legs and four soft gluon legs. The OPE expansion of this diagram is illustrated in Fig. 2 , and it reads: The left hand side of (9) is evaluated to be:
x (2p2f + 3mp2 + 3m2fi + 4m3),p.
From (9), (14) and (15) we now get:
We are now in a position to obtain the nonperturbative inverse quark propagator. Inverting (18) we obtain the nonperturbative quark propagator:
For timelike momenta (p2 negative) the running mass is a positive quantity @I Wtil In> is negative). M(p2) app roaches m in both limits -p2 I+ m2
and -p2 ++ 00. For massless quarks (m=O) M(p2) has a maximum at -p2 = 
The Nonperturbative Gluon Propagator
The OPE for the inverse gluon propagator is:
We evaluate this expression in a general covariant gauge where we have the perturbative inverse propagator: Combining with (7) and (23) we have:
;wYP) = g26AB6,, (p2 ym2, .
(25)
. aIn order to obtain the contribution from the gluon condensate, we study the following equation, graphically represented in 
From (14) and (23) 
We now get the nonperturbative inverse gluon propagator from (22), (23), (26) and (29):
. e- Unfortunately, the analysis was somewhat unclear and not specific on details.
In an attempt to review Politzers analysis, In the case of the contribution from the quark condensate, it would seem that oG is introduced through the diagram on the left hand side in Fig. 1 , since it contains the gluon propagator. However, in that diagram, the gluon propagator is sandwiched between quark propagators. It is well known13 that when the quarks are on the mass-shell, the second term of the gluon propagator, sandwiched between the quark propagators, disappear by virtue of the Dirac equation for free quarks. We therefore know that at least in the limit of on-shell quarks, the diagram is gauge independent and that the correct result is automatically obtained in Feynman gauge.
Furthermore, the Dirac equation can be used also in the case of off-shell quarks. Compared to the case of free quarks, the equation is now modified by a term proportional to the coupling constant g. When the gluon propagator is sandwiched between off-shell quarks, the same trick as in the on-shell case can be used. In this case the contribution originating from the second term in the gluon propagator does not vanish, but it is proportional to g2, so this contribution will be of higher order in the coupling constant than the contribution from the first term. This means that to first order in (Y, the diagram in Fig.   1 is gauge independent also for off-shell quarks and the correct result is that automatically obtained in Feynman gauge without using the Dirac equation. It follows that Elias and Scadron must be wrong when they claim that the nonper-. *-turbative quark mass should be calculated in Landau gauge without using the -Dirac equation to eliminate the contribution from the second term in the gluon propagator.
Discussion
Our main result are the expressions for the nonperturbative quark and gluon propagators, Eqs. 
